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Abstract This study examined the relationship between
the lamellar-forming grain boundary reaction and the
change in hardness during the aging process of an Au-
Pt-based metal-ceramic alloy composed of 76.6 Au–9.9
Pt–9.3 Pd–1.7 In–1.2 Ag–0.56 Sn (wt%) with minor in-
gredients. The phase decomposition of the parent Au-rich
α phase occurred within a very short time (30 s) by aging
at 550 °C after a solution-treatment at 950 °C due to the
solubility limits of Au and Pt in each other, which initi-
ated a lamellar-forming grain boundary reaction. The ob-
served hardening was attributed to both the grain interior
and grain boundary precipitate. On the other hand, the
grain boundary precipitate comprising the fine lamellar
structure caused more powerful hardening from the early
stage of the aging process. The alternate layer of the grain
boundary lamellar structure was composed of Pt-, In- and
Sn-depleted Au-rich α1 phase as well as precipitated Pt-,
In- and Sn-concentrated β1 phase. The extremely fine
nature of the grain boundary lamellar structure supplied
large amounts of inter-phase boundaries, which contained
lattice strain by the difference in the lattice parameter
between the α1 and β1 phases, resulting in hardening.
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Introduction
Metal-ceramic restorations are still the most reliable methods
in dental prosthetics, and a range of metal-ceramic alloys is
used in dentistry [1]. Among the others, dental gold alloys for
metal-ceramic restorations consist basically of Au and Pd as
the principle ingredients, as well as Pt, Ag, Sn, In and Fe as
minor ingredients. Metal-ceramic alloys based on Au are
hardened substantially by an appropriate heat treatment to
resist the occlusal force in the oral environment [2, 3].
Minor ingredients, such as Pt, Sn, In and Fe, play important
roles in precipitation hardening [4, 5].
In dental alloys hardened by precipitation, lamellar struc-
tures are normally observed in the grain boundaries [6–11].
These lamellar-forming grain boundary reactions were report-
ed to be the mechanism for softening in most cases and
sometimes for hardening depending on the alloy composition
[6–11]. In a study with a dental casting alloy composed of
48.78 Ag–28 Pd–12.04 Au–9.12 Cu (wt%), the lamellar
structure that formed by the first grain boundary reaction
resulted in hardening, but the second grain boundary reaction
produced a very coarse lamellar structure that resulted in
softening [6]. In a study with a dental casting alloy composed
of 47.5 Au–36 Ag–10.6 Cu–4 Pd–1 In–0.7 Zn–0.2 Ir (wt%),
the formation of a grain boundary lamellar structure resulted
in softening [11]. In the case of Pt-added-Au-based alloy for
metal-ceramic restorations, precipitation hardening can occur
by an appropriate heat treatment due to the solubility limits of
Au and Pt in each other [12–14]. Therefore, the hardness of
the alloy can be changed by lamellar formation during the
firing process for porcelain. To use the Pt-added-Au-based
metal-ceramic restoration under the best mechanical condi-
tion, it is important to determine the relationship between the
lamellar-forming grain boundary reaction and the change in
hardness. On the other hand, it is unclear if the lamellar-
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forming grain boundary reaction is the mechanism for hard-
ening or softening in the Pt-added-Au-based metal-ceramic
alloy [15]. This study examined the relationship between the
lamellar-forming grain boundary reaction and the change in
hardness during the aging process of a Pt-added-Au-based
metal-ceramic alloy composed of 76.6 Au–9.9 Pt–9.3 Pd–
1.7 In (wt%) with minor ingredients by hardness testing
(HV), X-ray diffraction (XRD), field emission-scanning elec-




The specimen used in this study was a dental high-carat gold
alloy (AURIUM 3, Aurium® Research USA, San Diego, CA,
USA) of type III–IV according to the ISO classification (ISO
22674:2006 (E)). This type of alloy is based on the ternary
system of Au, Pt and Pd for the fabrication of metal-ceramic
prostheses. Table 1 lists the chemical composition of the
specimen alloy supplied by the manufacturer, where only the
minor ingredients that comprised less than 1 wt% were exam-
ined by X-ray fluorescence analysis (XRF) to determine the
precise content.
Heat treatment
The specimens were subjected to a solution treatment at
950 °C for 10 min in a vertical furnace in an argon atmosphere
to obtain a supersaturated solid of a single phase. The speci-
mens were then quenched in ice brine to prevent the formation
of an equilibrium phase. Subsequently, the solution-treated
specimens were subjected to isothermal aging at 550 °C for
various times in a molten salt bath (25 KNO3+30 KNO2+25
NaNO3+20 NaNO2, wt%) and quenched in ice brine.
Hardness test
To examine the hardening and subsequent softening mecha-
nism during the aging process, the hardness of the heat-treated
plate specimens was measured using a Vickers microhardness
tester (MVK-H1, Akashi Co., Akashi, Hyogo Japan) using a
25- or 300-gf load and a holding time of 10 s. The values
reported are the mean of five measurements.
XRD study
XRD (X’PERT PRO, PRO, Philips, Eindhoven, Netherlands)
was performed to examine the phase transformation during
the aging process. Powder specimens with a particle size
below 45 μm were filed using a diamond disc and passed
through a 330-mesh screen. The specimens were then mixed
with alumina powders with a particle size of 1 μm to prevent
sintering agglomeration during heat treatment. Subsequently,
the powder specimens were subjected to vacuum sealing in
silica tubes and heat treatment. The alumina powders were
then filtered from the heat-treated specimens. The XRD pro-
file was recorded at 30 kVand 40mA using Ni-filtered Cu Kα
radiation as the incident beam.
FE-SEM observation
FE-SEM image of the heat-treated plate specimens was taken
to examine the microstructural changes during the aging pro-
cess. The heat-treated specimens were treated with a polisher
and etched in an aqueous solution containing 10 % KCN
(potassium cyanide) and 10 % (NH4)2S2O8 (ammonium per-
sulfate). The surfaces of the heat-treated specimens were
observed by FE-SEM (JSM-6700 F, Jeol, Akishima-shi,
Tokyo, Japan) at 15 kV.
EDS analysis
The EDS (INCA X-Sight, Oxford instruments Ltd., Oxford,
UK) profiles of the heat-treated plate specimenswere recorded
at 15 kV to determine the changes in the elemental distribution
during the aging process. The specimens were prepared in the
same manner as used for the FE-SEM observations.
Result and discussion
Age-hardening behaviour
To determine the most effective aging temperature, which is
related to age-hardening behaviour, the plate-like specimens,
which were solution-treated at 950 °C for 10 min, were aged
isochronally over the temperature range of 300–630 °C for
20min. Themicrohardness was measured using a 300-gf load.
Figure 1 shows the isochronal age-hardening curves of the
specimen aged over the temperature range of 300 to 630 °C
for 20 min. The specimen showed apparent age-hardenability
Table 1 Chemical composition
of the specimen alloy Composition Au Pt Pd In Ag Sn Cu Ir Fe
wt% 76.6 9.9 9.3 1.7 1.2 0.56 0.3 0.27 0.17
at.% 68.61 8.95 15.42 2.61 1.96 0.83 0.83 0.25 0.54
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at an aging temperature of 550 °C. Therefore, the isothermal
age-hardening behaviour was observed at 550 °C to evaluate
the age-hardenability of the specimen.
Figure 2 shows the isothermal age-hardening curve of the
specimen solution-treated at 950 °C for 10 min and then aged
at 550 °C for various times until 20,000 min. The microhard-
ness was measured using a 300-gf load without dividing the
grain interior and grain boundary. The hardness obtained at
2 min was approximately two times higher than that of the
solution-treated condition. Thereafter, the hardness increased
Fig. 1 Isochronal age-hardening
curves of the specimen aged at
temperature ranging from 300 to
630 °C for 20 min
Fig. 2 Isothermal age-hardening
curve of the specimen aged at
550 °C
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gradually with aging time and reached amaximum at 100min.
After maintaining the maximum value until 200 min, the
hardness decreased gradually until 2,000 min and then de-
creased apparently until 20,000 min.
Phase transformation
The variations of the XRD patterns during isothermal aging
were examined to clarify the relationship of the phase trans-
formation and hardness change in the early and later stage of
the aging process. Figure 3 presents the variations of the XRD
patterns of the specimens solution-treated at 950 °C for 10min
and then aged at 550 °C for various times until 20,000 min.
The XRD pattern of the solution-treated (S.T.) specimen
showed a single Au-rich α phase with a face-centred cubic
(f.c.c) structure and a lattice parameter of a200=4.0222Å. This
value was slightly smaller than the reported lattice parameter
of Au (a=4.0786 Å) [16]. In the XRD pattern of the specimen
aged at 550 °C for 30 s, the (111, 200) α diffraction peaks
broadened asymmetrically to the lower diffraction angle side.
And, weak diffraction peak in the higher diffraction angle side
of the main peak was observed. Therefore, the phase decom-
position of the parent α phase was initiated within 30 s,
resulting in an apparent increase in hardness by 100 HV, as
shown in Fig. 2.
By prolonged aging until 20,000min, the XRD patterns did
not show further changes. The asymmetrical shape of themain
peaks resulted mainly from peak overlap of the solute-
Fig. 3 Variation of the XRD
patterns of the specimens during
isothermal aging at 550 °C with
aging time
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depleted parent phase and precipitated phase (β1) due to the
small gap in the lattice parameters. The weak diffraction peak
in the higher diffraction angle side of the main peak was from
the f.c.c β2 phase which had the lattice parameter, a200=
3.986 Å. This value was very similar to the lattice parameter
of the Pt3In phase, a=3.992 Å [17]. The lattice parameter of
the parent Au-rich α phase showed little change from a200=
4.0222 Å to a200=4.0231 Å by a transformation into the
solute-depleted Au-rich phases (α1+α2). This will be further
mentioned in elemental distribution part.
The specimen used in this study was a gold alloy contain-
ing approximately 9 wt% Pd and Pt, respectively. The alloy
composed of only Au and Pd shows no precipitation phenom-
ena, because it forms a complete solid solution in all atomic
ratios [14]. On the other hand, precipitation can occur in the
Au-Pt alloy due to the differences in solubility in each other at
the temperatures for aging (550 °C) and solution-treatment
(950 °C) [14]. From the alloy composition, the precipitated
phases (β1 and β2) were believed to be Pt-concentrated
phases, even though the lattice information was unclear due
to XRD peak overlap. To confirm this, the specimen was
analysed by FE-SEM and EDS.
Microstructural changes
Figure 4 shows FE-SEM images of×300 (1), ×8,000 (2) and×
60,000 (3) magnifications for the specimens solution-treated
at 950 °C for 10 min (Fig. 4a), and aged at 550 °C for 30 s
(Fig. 4b), 2 min (Fig. 4c), 100 min (Fig. 4d), 2,000 min
(Fig. 4e) and 20,000 min (Fig. 4f). In the specimen solution-
treated at 950 °C for 10 min (Fig. 4a), an equiaxed structure of
a single phase was observed. The lamellar-forming grain
boundary reaction was progressed slightly. Such a grain
boundary reaction must have occurred instantly during
quenching after a solution treatment, considering the XRD
results that revealed peak broadening within very short aging
time (30 s).
In the specimens aged for 30 s (Fig. 4b), the grain boundary
nano-sized precipitate grew towards the grain interior, and
after further aging for 2 min (Fig. 4c), they grew slightly more,
as marked by the arrows. By aging the specimen for 100 min
(Fig. 4d), at which time the maximum hardness was obtained,
lamellar structures composed of a precipitate and solute-
depleted matrix coarsened apparently and replaced approxi-
mately half of the matrix, whereas no apparent change was
observed in the grain interior. In the specimens aged for
2,000 min (Fig. 4e), the lamellar structure became much
coarser, and the lamellar-forming grain boundary reaction
was stopped without initiating a second grain boundary reac-
tion which produces a much coarser lamellar structure. In
addition, the fine grain interior precipitate was observed
throughout the entire grain interior by microstructural coars-
ening. These changes decreased the hardness slightly
(−15 HV), from the age-hardening curve shown in Fig. 2.
After further aging for 20,000 min (Fig. 4f), the precipitate in
the grain boundary and grain interior coarsened slightly more.
Such a change resulted in an apparent decrease in hardness
(−50 HV).
The above result confirmed hardening by precipitation and
the lamellar-forming grain boundary reaction. To characterise
the relationship of the lamellar-forming grain boundary reac-
tion with the change in hardness, the microhardness was
measured again using a 25-gf load to obtain data separately
in the grain interior (G.I) and grain boundary (G.B) region of
the specimens aged for 2 min (Fig. 4c), 100 min (Fig. 4d) and
2,000 min (Fig. 4e). The results are listed in Table 2. In the
specimen aged for 2 min (Fig. 4c), as shown in Table 2, each
hardness value in the G.I and G.B precipitate was much higher
than that of the single-phased solution-treated specimen
(119 HV). Moreover, the hardness in the G.B precipitate was
much higher than that in the G.I. Therefore, both the grain
interior and grain boundary precipitate attributed to hardening,
but the grain boundary precipitate comprising the fine lamellar
structure caused more powerful hardening in the early stage of
the aging process.
In the specimen further aged for 100 min (Fig. 4d), at
which time the maximum hardness was obtained by mea-
suring using a 300-gf load, the precipitate at the grain
boundary was coarsened slightly. This change, however,
did not decrease the hardness in the grain boundary ac-
cording to the data measured using the 25-gf load. On the
other hand, the hardness in the G.I increased to become
similar to that of the G.B precipitate. Therefore, both the
grain boundary and grain interior precipitate contributed
to the maximum hardness in the intermediate stage of the
aging process.
In the specimen aged for 2,000 min (Fig. 4e), at which time
the hardness measured using a 300-gf load decreased slightly
(−15 HV), only the hardness in the G.B precipitate decreased
slightly (−20 HV) according to the data measured using a 25-
gf load. This was expected from the apparent coarsening of the
grain boundary precipitate. The coarsening of the microstruc-
ture also progressed in the grain interior slightly, but a high
hardness was maintained. Therefore, in the later stage of aging
process, microstructural coarsening and resulting softening
occurred faster in the grain boundaries than in the grain
interior.
Ohta et al. reported that the first and second grain boundary
reaction produced a lamellar structure with different widths,
resulting in hardening and softening, respectively, in the alloy
composed of 48.78 Ag–28 Pd–12.04 Au–9.12 Cu (wt%) [6].
In the present study, the formation of a lamellar structure at the
grain boundaries occurred immediately as the hardening
mechanism, and the subsequent slow increase in width of
the lamellar structure resulted in softening without a second
grain boundary reaction. Therefore, it is believed that the
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extremely fine nature of the lamellar structure supplied large
amounts of inter-phase boundaries, which contain lattice
strain by difference in lattice parameter between the solute-
depleted Au-rich layer and the precipitated layer of the lamel-
lar structure. Therefore, the subsequent microstructural coars-
ening that reduces the inter-phase boundaries results in
softening, as has also been observed in various dental age-
hardenable alloys [18–21]. Considering the immediate lamel-
lar formation, the restorations made by the Pt-added-Au-based
metal-ceramic alloys can be strengthened easily during the
firing process for porcelain by the introduction of a fine
lamellar structure.
Fig. 4 FE-SEM images of×300
(1), ×8,000 (2) and×60,000 (3)
magnifications for the specimens
solution-treated at 950 °C for
10min (a), and aged at 550 °C for
30 s (b), 2 min (c), 100 min (d),
2,000 min (e) and 20,000 min (f)
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Elemental distribution
The elemental distribution in the grain interior and grain
boundary lamellar structure was observed by EDS for the
specimens solution-treated and aged at 550 °C for
20,000 min. Figure 5 presents FE-SEM images of the
specimens solution-treated at 950 °C for 10 min
(Fig. 5a, ×2,000 magnification) and aged at 550 °C for
20,000 min (Fig. 5b, ×8,000 magnification) for EDS point
analysis. Table 3 lists the EDS results of the matrix and
matrix layer (M) and coarsened precipitate (P) layer of the
grain boundary lamellar structure, and the G.I region. In
Table 3, the elemental distribution in the matrix of the
solution-treated specimen (a-M) was similar to the alloy
composition listed in Table 1. The minor ingredients (Sn,
Cu, Ir, Fe) were not detected by EDS.
In the solute-depleted matrix layer (b-M) of the grain
boundary lamellar structure for the specimen aged at 550 °C
for 20,000 min, the Au content increased compared to that
of the solution-treated specimen (a-M). The Pt content
decreased, and there was no apparent change in the Pd
content. Minor ingredients (In, Ag, Sn, Cu, Ir, Fe) were
not detected. In the coarsened precipitate layer (b-P) of
the grain boundary lamellar structure for the specimen
aged at 550 °C for 20,000 min, the Au content decreased
to almost half of the value in the matrix (b-M), and the Pt
content increased approximately ten times the value in the
matrix (b-M), as can be expected from the binary phase
diagram of the Au-Pt system which showed the solubility
limit of Au and Pt in each other [14]. The minor ingredi-
ents, In and Sn, were concentrated in the precipitate
region (b-P). Pd is completely soluble with Au at all
atomic ratios but has a solubility limit with Pt [14]. On
the other hand, in the present study, the Pd content was
slightly higher in the Pt-concentrated region (b-P) than in
the Pt-depleted region (b-M). This appears to be because
Pd normally tends to form a stable phase with elements
having a relatively low melting temperature, such as In
and Sn [21]. In the G.I region for the specimen aged at
550 °C for 20,000 min, the elemental distribution was
similar to that of the single-phased matrix of the
solution-treated specimen (a-M) due to the fine nature of
the grain interior precipitates and solute-depleted matrix
in the grain interior.
The above results were also revealed by EDS line
analysis. Figure 6 shows the EDS line profile and FE-
SEM image (×8,500 magnification) of the specimen aged
at 550 °C for 20,000 min after a solution-treatment. The
elemental distribution of Au was opposite to that of Pt, In
and Sn in the coarsened precipitate layer and solute-
depleted matrix layer of the grain boundary lamellar
structure. The amount of Pd increased slightly in the
precipitate region, whereas Ag, Fe, Cu and Ir were dis-
tributed relatively evenly in the solute-depleted matrix
and precipitate region. Therefore, the Au-rich α1 phase
comprising the solute-depleted matrix layer of the grain
Table 3 EDS analysis of the regions marked in Fig. 6 of the specimens
solution-treated at 950 °C (a) and aged at 550 °C for 20,000 min (b)
Region (at.%) Au Pt Pd In Ag Sn
a M1 73.88 8.19 15.67 2.26 0 0
M2 70.96 8.64 15.64 2.66 2.10 0
b M1 81.50 2.59 15.91 0 0 0
M2 82.15 2.43 15.42 0 0 0
P1 48.59 23.08 16.73 6.93 1.92 2.75
P2 48.11 21.02 17.72 9.17 0 3.98
P3 46.84 23.56 17.09 9.57 0 2.94
G.I1 72.34 9.24 15.78 2.64 0 0
G.I2 73.85 9.55 14.04 2.56 0 0
Fig. 5 FE-SEM images at×2,000 and×8,000 magnifications for EDS
point analysis of the specimen solution-treated at 950 °C for 10 min (a)
and aged at 550 °C for 20,000 min (b), respectively
Table 2 Vickers microhardness numbers (HV) measured with a 25-gf
load in the grain interior (G.I) and grain boundary (G.B) precipitate of the
specimens aged at 550 °C for various times
Aging time Region 2 min 100 min 2,000 min
G.I 188.4 (±4.7) 244.4 (±5.2) 242.9 (±10.9)
G.B 246.1 (±15.1) 247.2 (±7.7) 227.6 (±4.1)
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boundary lamellar structure is a Pt-, In- and Sn-depleted
phase compared to the parent Au-rich α phase, and the
precipitated layer (β1) of the grain boundary lamellar
structure is an In- and Sn-concentrated Au-Pt-rich phase.
The precipitated phase in the grain interior was not clear
by EDS. However, considering the XRD results which
showed the existence of the β2 phase having lattice pa-
rameter close to that of the Pt3In phase, the grain interior
was possibly decomposed into the Pt3In-based β2
precipitates and Pt-, In-depleted Au-rich α2 matrix,
resulting in apparent hardening in the grain interior.
XRD revealed that the lattice parameter from the
superimposed diffraction peaks of the solute-depleted Au-
rich (α1+α2) phases (a200=4.0231 Å) was similar to that of
the parent Au-rich α phase (a200=4.0222 Å). This is because
the precipitated β1 and β2 phases were formed by the co-
precipitation of Pt and In, which has a smaller and larger
atomic size than Au, respectively (distance of the closest
Fig. 6 FE-SEM images and EDS line profile of×8,500 magnification for the specimen aged at 550 °C for 20,000 min after the solution-treatment at
950 °C for 10 min
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approach, D=2.7747 Å for Pt, D=3.2515 Å for In and D=
2.880 Å for Au) [16].
Conclusions
This study examined the relationship of the lamellar-forming
grain boundary reaction with the change in hardness during
the aging process of the Au-Pt-based metal-ceramic alloy
composed of 76.6 Au–9.9 Pt–9.3 Pd–1.7 In–1.2 Ag–0.56 Sn
(wt%) with minor ingredients.
1. The phase decomposition of the parent Au-rich α phase
occurred within a very short time (30 s) by aging at
550 °C after a solution-treatment at 950 °C, which initi-
ated the lamellar-forming grain boundary reaction.
2. Both the grain interior and grain boundary precipitate
attributed to hardening, but the grain boundary precipitate
comprising the fine lamellar structure caused more pow-
erful hardening from the early stage of the aging process.
3. The alternate layer of the lamellar structure was composed
of a Pt-, In- and Sn-depleted Au-rich α1 phase and a
precipitated Pt-, In- and Sn-concentrated β1 phase.
4. The extremely fine nature of the grain boundary lamellar
structure supplied large numbers of inter-phase bound-
aries that contained lattice strain due to difference in
lattice parameter between the α1 and β1 phases, resulting
in hardening.
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